Bradyrhizobium japonicum is a gram-negative bacterium which fixes dinitrogen in symbiotic association with soybean plants. B . japonicum and other rhizobia are prolific producers of extracellular polysaccharide (EPS) in culture. The composition and structure of many of these EPSs have been established (1, 8, 9, 19, 23, 33) . B . japonicum has been divided into two different groups based on several characteristics, including DNA homology, formation of a toxic amino acid analog rhizobitoxine, ability to synthesize nitrogenase ex planta, synthesis of the plant hormone indoleacetic acid, and type of EPS formed in culture (11, 12, 16, 17) . Specifically, group I genotypes produce EPS containing glucose, mannose, galactose, galacturonic acid, and 4-0-methylgalactose, whereas group II genotypes produce EPS containing rhamnose and 4-O-methylglucuronic acid (12, 16, 19) .
Recent studies have elucidated a second class of rhizobial polysaccharides, namely, the cyclic P-glucans, which are deposited in the periplasmic space (5, 15, 29) . We report here a third class of polysaccharides, namely, those produced by B. japonicum in the soybean nodule. To our knowledge, there has been only one previous study of polysaccharide formation in nodules, and the results showed that the polysaccharide present in nodules was clearly of plant origin (30) . The bacterial strain used in the prior study (30) Precipitate was collected by centrifugation at 0°C and 22,000 x g for 15 min. The pellets were lyophilized in the centrifuge bottles and, when dry, were gently removed and weighed. Dry material was pulverized in a mortar, and portions were weighed and suspended in water for the analysis of total carbohydrate by the anthrone method (32) and uronic acid concentration by the meta-hydroxybiphenyl method (4). Protein concentration was determined by the bicinchoninic acid method (22) .
Analysis of polysaccharide composition. Material precipitated with 87% ethanol (described above) was purified further as follows. The pellet, which contained NPS plus plant polysaccharide and about 31% protein by weight, was suspended in water. Cetyltrimethylammonium bromide was added (18) ; this material, which is generally used as a polysaccharide precipitant (10, 18) , was found to be more efficient as a protein precipitant and was used to lower the protein concentration to about 25% of the dry weight. The precipitate was discarded, and other polymers were again precipitated in the cold by addition of absolute ethanol.
The sample was lyophilized, and dried solids were pulverized and suspended in 10 mM phosphate, pH 7.5. Proteinase K (Sigma P-0390) was added (about 13 U/100 mg [dry wt] of sample), and the mixtures were incubated at 37°C for 2.5 h in a shaking water bath. Mixtures were chilled, and polymers were precipitated by the addition of cold absolute ethanol. Solids were collected by centrifugation (22,000 x g) and were washed three times with cold 85% ethanol. Solids were lyophilized, pulverized, suspended in water, and passed through a 45-,um-pore-size membrane. At this stage, samples contained 5 to 9% protein by weight. Samples equivalent to 100 mg (dry weight) were loaded onto a column (1.4 by 40 cm) of DEAE-agarose (BioGel A; Bio-Rad) which was equilibrated with 5 mM K phosphate, pH 7.5, containing 1 mM EDTA. The column was flushed with this buffer at 28°C with a flow rate of 400 pul/min for 1 h; polysaccharides were eluted with a NaCl gradient in the phosphate buffer (3, 7) .
Fractions making up the central portion of the main uronic acid peak were combined and concentrated to 15 to 20 ml by evaporation in vacuo. Polysaccharide was precipitated by addition of cold absolute ethanol, collected by centrifugation, dialyzed against water to remove traces of salt, and lyophilized.
Glycosyl composition was determined by preparation and analysis of alditol acetates before and after carboxyl-group reduction and by preparation and analysis of trimethylsilyl methyl glycosides (32) . Alditol acetates were prepared by hydrolysis of the samples in 2 M trifluoroacetic acid, reduction of the resulting monosaccharides with NaBD4, and acetylation with acetic anhydride in pyridine. In order to reduce the carboxyl groups, the samples were methanolyzed with 1 M HCl in methanol at 100°C for 2 h. The resulting carboxymethyl esters were then reduced with 10 mg of NaBD4 per ml in ethanol-tetrahydrofuran (3:1, vol/vol) for 18 h at room temperature. The excess NaBD4 was destroyed with acetic acid, and the borate was removed by repeated evaporations with methanol-acetic acid (9:1, vol/vol). Alditol acetates were then prepared as described above. Trimethylsilyl methyl glycosides were prepared by methanolyzing the sample with 1 M HCl in methanol at 100°C for 18 h. After the solvents were evaporated, Tri-Sil reagent (Pierce Chemical Co.) was added and the samples were heated at 80°C for 20 min. The solvents were evaporated, and the resulting trimethylsilyl methyl glycosides were dissolved in hexane. Analysis of the alditol acetates was performed by gas-liquid chromatography (GC) and by combined GC-mass spectrometry using a 30-m capillary SP2330 column from Supelco. Analysis of the trimethylsilyl methyl glycosides was performed by GC and GC-mass spectrometry using a 30-m capillary DB1 column from J & W Scientific.
RESULTS
The NPS was discovered by noting the highly viscous extracts of >30-day-old nodules formed by B. japonicum USDA 123 and USDA 31. These two strains are in DNA homology groups I and II, respectively, and their NPSs will be referred to as type I NPS and type II NPS. Ion-exchange chromatography of extracts of NPS-containing nodules (e.g., USDA 123) showed a very large uronic acid-containing peak which was absent in nodules which lack NPS (Fig. 1) . When this polysaccharide was rechromatographed with a different salt gradient, a single symmetrical peak of uronic acid was found. This result plus the absence of minor components in the analysis of composition indicated that the material analyzed as NPS was of high purity (data not shown).
For the type II NPS, carboxyl reduction resulted in the appearance of a peak whose mass spectrum showed that it was derived from a 4-O-methyluronic acid. Its (Table 1) . This is probably due to a low detector response for 2-0-methylglucuronic acid and/or incomplete hydrolysis of the polysaccharide. We know that USDA 123 NPS gives a very low response (dry weight basis) in the colorimetric assay for uronic acid, and it is well known that glycosyl bonds of uronic acids are more stable than those of neutral sugars (2) . Authentic standards are not available, so the exact 2-0-methylglucuronic acid content of this polysaccharide may not be known until its structure can be determined. This portion of the work established that type I NPS is composed of galactose, rhamnose, and 2-0-methylglucuronic acid and thus is completely different from the EPS produced in culture (Table 1) . Type II NPS is composed of rhamnose and 4-0-methylglucuronic acid, and this composition is similar to that of the EPS produced by group II strains in culture. That the two types of NPS are bacterial products is indicated by the fact that the combination of constituent sugars is not unusual for bacterial polysaccharides (14) but is unknown for plant polysaccharides (32) . Secondly, the composition of the type I NPS was not influenced by plant genotype in a comparison of four diverse soybean cultivars (Table 2) . We also inoculated cowpea plants with USDA 123 or USDA 110 and partially purified the polysaccharides from the two types of nodules. USDA 123 nodules contained a major uronic acid-rich fraction, as illustrated in Fig. 1 , and this fraction had a composition similar to that shown in Table  1 ; USDA 110 cowpea nodules did not contain the major uronic acid peak. Clearly, the formation and composition of NPS is dependent on bacterial genotype and is independent of host genotype.
That NPS is a bacterial product is also supported by the fact that NPS is localized inside the symbiosome membrane (Fig. 2) . The comparison of USDA 110 and USDA 123 nodule anatomy revealed several other interesting points: (i) symbiosomes containing NPS were very large, occupying almost all of the space in infected cells ( Fig. 2A versus C) ; (ii) bacteroids were generally localized around the periphery of the symbiosomes in the presence of NPS; and (iii) an amorphous matrix which was seen at high magnification in symbiosomes of USDA 123 nodules was not seen in the control nodules (Fig. 2B versus D) . About biosomes containing peripheral bacteroids surrounded by an amorphous material. The amorphous material in symbiosomes shown in Fig. 2D did not stain with ruthenium red, a stain often used for bacterial EPS (6) . This result indicates the absence of pyruvate associated with the NPS (20) , and this is in agreement with the analysis of NPS composition. We believe that the halos around the bacteroids in Fig. 2C and D are artifacts of the dehydration process, but this has not been pursued.
We have not yet been able to find a stain or dye (including calcofluor white) which will react with NPS in a sensitive and specific manner. Thus, in our effort to explore the formation and distribution of NPS, we have measured the viscosity of nodule extracts and the uronic acid and total carbohydrate content of partially purified NPS ( Table 3) . The uronic acid concentration in NPS-containing nodules was generally at least twofold higher than the concentration in NPS-nodules, but there were exceptions to this rule (USDA 139, Table 3 ). The same general statement can be made for total carbohydrate, but there were also occasional exceptions here (USDA 46 and USDA 139, Table 3 ). The viscosity of 36% ethanol extracts of nodules has been the most reliable indicator of the presence of NPS, differences in net viscosity between NPS+ and NPS-nodules generally being greater than sixfold. When viscosity was less than sixfold greater than that of controls, either high uronic acid content or high total carbohydrate level generally confirmed the presence of NPS. When strains were evaluated more than once, very similar results were obtained (data not The initial discovery of NPS formation by USDA 123 and USDA 31 suggested a possible relationship of NPS formation to the well-documented dominance of these two serogroups in nodule formation on field-grown soybeans (13, 31) . Thus, we have extended our analysis of these serogroups to include all of the strains available to us (Table 4) . Of the 27 strains in serocluster 123 (serogroups 123, 127, and 129 [21] ) which have been analyzed, 71% were rated NPS positive by the criteria illustrated in Table 3 . Of the 12 strains in serogroup 31 which have been analyzed, 67% were rated NPS+. Of the 18 other strains evaluated, only 1 (6%) was NPS+. It is important to note that these strains were originally collected by isolating B. japonicum from nodules collected in the field. The strains listed in Table 4 represent nearly all of the soybean-growing states in the United States, and NPS formation does not appear to be related to the place of origin of the soybean nodules (data not shown). That is, NPS formation is just as likely to occur in Arkansas or New Jersey or Minnesota; also, three of four strains from the People's Republic of China were NPS+ (USDA 162, USDA 228, and USDA 259), and one of two strains from Japan was NPS+ (USDA 39).
DISCUSSION
About half of the strains of B. japonicum we studied formed previously undescribed polysaccharides in soybean nodules. In the case of group I strains, the polysaccharide composition was different from that produced in culture, indicating that a new group of genes is being expressed in It is interesting that NPS formation is common among serotypes which are also the dominant nodule-forming serotypes in the field. Two major surveys of the soybean-growing regions of the United States have shown that serogroups 123 and 31 are the dominant nodule occupants (13, 31) . NPS was found to be common among strains in these groups and uncommon among other strains (Table 4) . Of course, other serogroups are found in soybean-growing areas (13, 31) , and we expect to find additional NPS+ strains in other serogroups when our surveys of B. japonicum strains are extended. But the present correlation appears to be too strong to be coincidental, and future efforts will be directed toward explaining the basis for the correlation.
